Using surface x-ray diffraction (SXRD), quantitative low-energy electron diffraction (LEED), and density-functional theory (DFT) calculations, we have determined the structure of the (4 × 1) reconstruction formed by sputtering and annealing of the SnO 2 ð110Þ surface. We find that the reconstruction consists of an ordered arrangement of Sn 3 O 3 clusters bound atop the bulk-terminated SnO 2 ð110Þ surface. The model was found by application of a DFT-based evolutionary algorithm with surface compositions based on SXRD, and shows excellent agreement with LEED and with previously published scanning tunneling microscopy measurements. The model proposed previously consisting of inplane oxygen vacancies is thus shown to be incorrect, and our result suggests instead that Sn(II) species in interstitial positions are the more relevant features of reduced SnO 2 ð110Þ surfaces.
Using surface x-ray diffraction (SXRD), quantitative low-energy electron diffraction (LEED), and density-functional theory (DFT) calculations, we have determined the structure of the (4 × 1) reconstruction formed by sputtering and annealing of the SnO 2 ð110Þ surface. We find that the reconstruction consists of an ordered arrangement of Sn 3 O 3 clusters bound atop the bulk-terminated SnO 2 ð110Þ surface. The model was found by application of a DFT-based evolutionary algorithm with surface compositions based on SXRD, and shows excellent agreement with LEED and with previously published scanning tunneling microscopy measurements. The model proposed previously consisting of inplane oxygen vacancies is thus shown to be incorrect, and our result suggests instead that Sn(II) species in interstitial positions are the more relevant features of reduced SnO 2 ð110Þ surfaces. Tin dioxide (SnO 2 ) is widely used as the active component of solid-state gas sensors [1] , and also sees application in heterogeneous catalysis, where it catalyzes oxidation reactions and enhances the activity of noble metal catalysts [2] . The basis for these applications is the reducibility of the oxide, which allows it to readily and reversibly release oxygen in the presence of reactants such as carbon monoxide or hydrocarbons, and to facilitate adsorption of electronegative species such as O 2 in an anionic state. The changes in conductivity of this n-type semiconductor resulting from these surface processes are the basis for the material's gas-sensing characteristics. Because of this, it has long been a goal of fundamental research to characterize the structural, physical, and chemical properties of SnO 2 surfaces. The similarity of the rutile-type SnO 2 crystal structure to that of TiO 2 , which has been studied extensively and is considered a "prototypical" reducible metal oxide [3] , as well as catalytically active RuO 2 [4] , also makes it an interesting material for comparative purposes.
The (110) plane of SnO 2 is the most stable under ambient conditions [5] , and efforts to characterize this surface began in the 1980s. The stoichiometric SnO 2 ð110Þ surface is reduced readily under vacuum conditions, first releasing oxygen atoms without a detectable change in surface periodicity upon heating above ∼400 K. This facile reduction has been attributed to desorption of bridging oxygen (O br ) atoms (see Fig. 1 ), leaving a (1 × 1) structure [6, 7] . Treatment by sputtering and annealing reduces the surface further, and several ordered reconstructions have been observed by low-energy electron diffraction (LEED), including cð2 × 2Þ, (4 × 1), and (1 × 2) phases. The (4 × 1) phase, to our knowledge first reported by de Frésart et al. [8, 9] , is the only surface structure observed which exhibits a high degree of long-range crystalline order [5] and after formation is stable over a broad range of conditions. Nevertheless, despite a number of efforts to determine the structure, based primarily on LEED, scanning tunneling microscopy (STM), and density-functional theory (DFT) calculations, a convincing structural model has remained elusive, preventing well-defined, atomistic studies of the SnO 2 ð110Þ surface and, thus, limiting our understanding of the properties of this important material.
An early proposal was that further reduction of the SnO 2 surface after removal of O br atoms should involve oxygen vacancies in the next layer, referred to as the "in-plane" oxygen (O ip , see Fig. 1 ) [8] . Jones et al. imaged the (4 × 1) surface using STM and observed what appeared to be a lattice of holes, and proposed that the structure consists of an ordered arrangement of such in-plane oxygen vacancies [10] . Quantitative LEED by Atrei et al. appeared to confirm this model [11] . Doubts were soon raised about this structure, however. DFT calculations by Oviedo and Gillan found that relaxations predicted for the oxygen vacancy structure were different from those determined by Atrei et al., and that the vacancies should not appear as dark holes in STM images, as had been assumed [12] . Using STM, Batzill et al. observed line defects that appeared inconsistent with a structure based on oxygen vacancies; instead, an overlayer chemically similar to SnO was suggested, a possibility that had also been discussed previously by Cox et al. [7] and Pang et al. [13] . However, subsequent investigations did not lead to likely candidates [14] .
In this Letter, we present a model for the (4 × 1) reconstruction that is consistent with all evidence to date, finally solving this decades-old problem. The first clues leading to the structural model are provided by surface x-ray diffraction (SXRD), a technique which had not previously been applied to this surface. The detailed structure is the result of a DFT-based search using an evolutionary algorithm [15] . Confirmation of this structure comes from comparison with a more extended set of LEED IðVÞ measurements than that reported by Atrei et al., which is also found to be inconsistent with the vacancy model. The structure furthermore is predicted to yield STM images showing a lattice of holes, similar to those reported previously [5, 10, 13, 16] . Figure 2 shows the results of SXRD measurements of a SnO 2 ð110Þ single crystal, acquired on beam line I07 at the Diamond Light Source [17] . The crystal was prepared following previous studies [2] by Ar þ sputtering and annealing in ultrahigh vacuum (UHV) at ∼1000-1200 K, after which it exhibited a (4 × 1) structure as evidenced by in situ LEED measurements (for details of sample preparation and characterization, see the Supplemental Material [18] ). SXRD measurements were acquired in the attached analysis chamber, also under UHV conditions. In total, 45 in-plane structure factors were measured from rocking curves at out-ofplane reciprocal space coordinate L ¼ 0.5, reduced by averaging to 17 inequivalent rods. The results are plotted in The most intense of the fractional-order rods, dominating the surface diffraction pattern, is that at (1,0.75), while the secondmost-intense rod is found at (0,1.5). The other measured rods are significantly weaker. Out-of-plane scans of these dominant rods are plotted in Fig. 2 (b) and show relatively smooth profiles with only subtle oscillations, indicating that the phase essentially consists of a monolayer structure.
The observation of these dominant rods suggests, as a first approximation, a structure based on a hexagonal layer of Sn ions, arranged such that a (3 × 1)/(4 × 1) coincidence is formed, depicted in Fig. 2(c) . Restricting the symmetry to the group p2mg and allowing relaxation of the atoms in a least-squares fit to the diffraction data (computed using the ROD software package [31] ), a distorted hexagonal structure is found [ Fig. 2(d) ] that is able to reproduce the experimental structure factors well. Because of the large difference in x-ray form factor between Sn and O, the addition of oxygen atoms in different configurations to the trial models had only modest effects on the calculated diffraction patterns, precluding a complete structure determination on the basis of SXRD data alone. PRL 119, 096102 (2017
To identify an overlayer structure that can reproduce the diffraction data and is plausible energetically, we performed a systematic DFT search using an evolutionary algorithm (EA) [15, 18] , taking as a starting point the findings of SXRD. Randomized starting configurations were constructed based on a slab consisting of one complete SnO 2 ð110Þ trilayer and an overlayer consisting of 6 tin atoms, plus 2, 4, 6, or 8 oxygen atoms, in a (4 × 1) unit cell. The O br atoms of the trilayer were included in the group of randomized atoms to allow for reduction of the slab. Four EA runs were performed for each stoichiometry, during which a total of 6125 unique structures were tested. The EA run was stopped when no lower-energy structure was found after several hundred iterations. The lowestenergy structures were then refined further using a thicker slab consisting of three SnO 2 trilayers, with atoms in the bottommost layer frozen in bulk positions.
Of the four stoichiometries tested, only the Sn 6 O 6 composition (O br are excluded, as inclusion of these would give a composition of Sn 6 O 10 ) yielded a structure with symmetry properties consistent with experiments; this structure, shown in Figs. 3(a) and 3(b), was found as the global minimum energy configuration in each of the four EA runs. The structure is composed of two equivalent Sn 3 clusters per unit cell, with each Sn atom bound to the surface via on-top and bridging oxygen atoms, and an additional "apex" O atom occupying the threefold hollow site atop the Sn trimer. Each Sn atom and each O atom in the overlayer is bound to three O or Sn atoms, respectively. The Sn─O bond lengths are in the range of 2.1-2.2 Å, and the Sn atoms are nearly coplanar, at heights of 3.0-3.2 Å above the topmost SnO 2 trilayer. The outermost atoms are the O at the centers of the trimers, about 0.6 Å above the Sn. The distance between Sn atoms in neighboring trimers is 3.8 Å, indicating minimal chemical bonding between clusters.
Considering only geometric factors, this structure would appear difficult to reconcile with published STM images showing a hexagonal lattice of holes. These holes were previously interpreted either as oxygen vacancies [10] or as empty pockets in an overlayer structure [5] . Nevertheless, the simulated STM image of the Sn 6 O 6 structure, calculated for positive sample bias based on the Tersoff-Hamann approximation [32] , strongly resembles the published images [ Fig. 3(c) ]. The "holes" observed in the simulated image in fact result from a local reduction in the unoccupied local density of states (LDOS) above the outermost oxygen atoms. Analysis of the calculated electronic structure [18] shows that the LDOS above the Sn 6 O 6 surface is dominated by Sn 5p states, so that the structure exhibits "inverted" STM contrast. Such effects are well known for metal oxides, the most prominent example being rutile TiO 2 ð110Þ-ð1 × 1Þ, which exhibits bright rows above Ti atoms in STM images at positive bias, instead of the higherlying bridging oxygens [33] .
Additional support for the proposed (4 × 1) model comes from quantitative LEED measurements. Using a SnO 2 ð110Þ single crystal prepared similarly as in the SXRD experiment, we collected a set of IðVÞ measurements for 15 inequivalent LEED beams, plotted in Fig. 4 . To fit the data to theoretical LEED intensities given by multiple-scattering calculations, we used the atomic coordinates for the Sn 6 O 6 structure from the DFT calculation (scaled to the experimental lattice parameter of SnO 2 ) as initial values and allowed relaxation of the z coordinates only. The best-fit structure, which differs from the DFT result by only a small (< 0.1 Å) inward relaxation of the 6 Sn atoms, gives a Pendry reliability factor (R P ) [34] of 0.16, indicating that the model describes the experimental data well. Using the resulting model based on DFT and LEED, we also simulated the in-plane and out-of-plane SXRD structure factors, which are plotted in Figs. 2(a) and 2(b) . This also shows good agreement with experiment, including the subtle undulations in out-of-plane structure factor with L, the period of which reflects primarily the (∼3 Å) height of the plane of Sn atoms in the overlayer above the uppermost Sn-containing plane of the substrate.
The SXRD and LEED measurements also allow us to safely exclude the in-plane vacancy model found by Atrei et al. [11] . This model does not produce a surface x-ray diffraction pattern dominated by the (1,0.75) rod [18] , and 
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week ending 1 SEPTEMBER 2017 096102-3 LEED IðVÞ fits yield an unacceptably large R P of 0.6 (using a subset of our data comparable to that used by Atrei et al., we obtain an R P of 0.3, consistent with their results). The "interstitial" model suggested by Batzill et al. [5] as an analog of the (1 × 2) structure observed on TiO 2 ð110Þ likewise produces a surface x-ray diffraction pattern qualitatively different from the observed one, and gives an R P of 0.42 in LEED. First-principles thermodynamics calculations including these two structures as well as the global minimum structures found by the EA optimization also show that the Atrei and Batzill models are not expected to be stable under any conditions, consistent with previous calculations by Ágoston and Albe [14] . This is demonstrated in Fig. 3 in the Supplemental Material [18] , which displays plots of surface energy as a function of oxygen chemical potential [ Fig. 3(a) ] and the surface phase diagram as a function of oxygen pressure and temperature [ Fig. 3(b) ]. Furthermore, the Sn 6 O 6 model is found to be the most stable surface phase for oxygen chemical potentials between ∼0.8 and 1.2 eV, which at ambient O 2 pressure corresponds to a range of stability between ∼600-900 K.
The structure found for the (4 × 1) reconstruction, comprising essentially isolated Sn 3 O 3 (or Sn 3 O 5 ) clusters with Sn in trigonal pyramidal coordination, is different from the reconstructions observed for reduced TiO 2 ð110Þ, made up of continuous chains of fourfold coordinated Ti oriented along the [001] direction [35, 36] . Trigonal pyramidal coordination, on the other hand, is common in tin(II) compounds, with the asymmetry typically attributed to a nonbonding lone electron pair on Sn [37] ; very similar coordination was observed for tin(II) ions at the reduced SnO 2 ð011Þ surface [38] . Assigning bridging O atoms formally to the SnO 2 substrate and the rest to the overlayer, the phase can be considered to consist of tin(II) oxide clusters atop the tin(IV) oxide substrate. Presumably this favorable coordination state is responsible for the stability and relative inertness of the (4 × 1) phase, which was found, counterintuitively, to be less reactive to several adsorbates than less-reduced surfaces prepared by heating [39] [40] [41] . Consistent with the structural similarity, this inertness is analogous to that observed for reduced SnO 2 ð011Þ [38] . It bears mentioning that an early proposal for the structure of the (4 × 1) reconstruction was that of an SnO overlayer, and the quasihexagonal Sn sublattice we observe is in fact similar to that of the litharge SnO(101) plane discussed by Cox et al. [7] . Considering the difference in bonding configurations and the fact that the (101) is not a cleavage plane of SnO, however, we consider the resemblance largely coincidental.
Having determined the structure of the (4 × 1) phase, we can begin to address the question of its relevance in technical applications. So far, the phase has only been observed following preparation by sputtering under UHV conditions, suggesting that it arises only due to the exceptionally strong enrichment of tin caused by the sputtering process [2] , so that its appearance under catalytic or gas-sensing conditions would appear unlikely. The structure we have found, however, does not exhibit an unusually high Sn:O ratio and is predicted by DFT to be stable over a rather wide range of conditions (see Fig. 3 in the Supplemental Material [18] ). These findings, together with the observed thermal and chemical stability of the structure once formed, suggest that kinetic limitations may be responsible for the fact that the (4 × 1) phase has not been observed upon heating of thoroughly oxidized single crystal samples in UHV. For nanostructured, composite, or otherwise different SnO 2 materials, and for materials exposed to elevated gas pressures or electrochemical environments, such limitations should be less significant, and the formation of the reconstruction should be anticipated under mildly reducing conditions. We note further that the Sn 3 O 3 clusters that form the basic unit of the reconstruction are discrete species that can, in principle, exist in other ordered or disordered arrangements or as isolated minority species on the surfaces of SnO 2 crystallites. The local atomic arrangement should thus be considered the defining characteristic of this phase, rather than its long-range periodicity.
Despite earlier doubts about the (4 × 1) model based on O ip vacancies, the idea that such vacancies, alongside more easily formed O br vacancies, play an essential role in SnO 2 surface chemistry has been an enduring one (see, for example, Refs. [42, 43] ). Our results do not entirely refute this hypothesis, there being a number of ordered and disordered surface phases whose structures are still unknown. However, we can find no direct experimental evidence for O ip vacancies in studies of reduced SnO 2 ð110Þ surfaces in the published literature, and the strong evidence we present for the formation of SnO-type structures should be taken as an indication that such species, based on tin atoms in "interstitial" positions, are more common features of reduced SnO 2 ð110Þ.
Considering the importance of SnO 2 surface conductivity in gas-sensing applications, it is a natural question whether upon formation of the reduced (4 × 1) phase the surface becomes metallic. To address this, we have evaluated the calculated density of states (DOS) of the upper layers in our structures (see Fig. 5 in the Supplemental Material [18] ). This shows that, despite the deficiency of O in the Sn 3 O 3 clusters, this surface remains insulating, exposing a small band gap. This rationalizes the photoelectron spectroscopy measurements by Batzill et al. [44] , who found weak emission from the bulk band-gap region for the (4 × 1) structure when using surface-sensitive photon energies. Subsequent oxidizing and annealing cycles showed more states in the bulk band-gap region, though these were presumably caused by kinetically trapped oxygen vacancies in the near-surface region. Once fully oxidized, the (1 × 1) structures were observed to exhibit a small band gap and to have a valence DOS very similar to that of the (4 × 1), both in agreement with our results.
To conclude, the (4 × 1) phase, as the first to be solved with confidence, can now serve as a useful model for fundamental studies of SnO 2 ð110Þ surface chemistry and a basis for further studies that should help resolve the complex behavior of the surface under different conditions. 
